This report evaluates the conceptual plans for a cryostat cooling design for the MAJORANA DEMONSTRATOR (MJD) one-tonne (S4) experiment. This document is based upon previous design work and experimental results used to evaluate the current MJD thermal design. A feasibility study of a cooling system for S4 based on the MJD thermosiphon experiment is presented. The one-tonne experiment will be a scaled up version of the MJD. There will be many cryostats in the S4 experiment. In this document a cryostat with up to 19 strings of germanium crystals is analyzed. Aside from an extra outer ring of crystals, the geometry of the cryostat for S4 is very similar to that for the MJD thermosiphon experiment. The materials used in the fabrication of both of these ultra-low background experiments will be underground-electroformed copper. The current MJD uses a two-phase liquid-gas cooling system to provide constant operating temperature. This document presents a theoretical investigation of a cooling system for the S4 experiment and evaluates the heat transfer performance requirements for such a system. 
Introduction
The one-tonne 76 Ge neutrinoless double-beta decay experiment (S4) will be a scaled-up version of the MAJORANA DEMONSTRATOR (MJD) [Aalseth et al. 2009 ]. The final detector array will have up to 19 strings of Germanium crystals per cryostat, a 180% increase in detector capacity over the MJD. The number of channels will also be scaled up from 35 channels in the MJD to 95 channels in the one-tonne experiment. The geometry of both cryostats is very similar, both being cylindrical. The MJD cryostat has a diameter of 0.33m (13 in). The cryostat for the one-tonne-scale experiment is expected to have a diameter of 0.43 m (17 in). The heights of both cryostats will be equal, at 0.43 m (17 in). The materials used in the fabrication of both ultra-low background experiments will be underground-electroformed copper. The current MJD uses a two-phase liquid-gas cooling system to provide constant operating temperature. The MJD cooling system is required to transport the heat ~0.65 meters (~2 ft) from the detectors located inside a lead and copper shield to a liquid-nitrogen Dewar container (Dewar) outside the shield. The S4 cryostat will have the same shield thickness. This document presents a theoretical investigation of a cooling system for the S4 experiment and evaluates the heat transfer performance requirements for such a system. The heat load for the S4 cryostat is calculated by summing the contributions from all thermal paths. The result is compared with the MJD heat load. Based on the calculated heat load, several thermosiphon design considerations are presented in the following sections. The heat leakage into the system through the thermosiphon arm is compared to that of the thermosiphon experimental setup presented in [Fast et al. 2010] . Issues such as the nitrogen load and description of the thermal path to the detector are also presented in the last section of this document.
Heat Loads
The heat load of the S4 cryostat has five components:
• radiation from the warm cryostat walls • conduction through mechanical supports • front-end electronics (FEE) • conduction through electrical wiring • heat leaks in the cooling-system arm and the nitrogen-expansion vessel.
Calculation of the heat leak due to radiation from the warm walls of the cryostat is described in Appendix A. The increase in diameter of the outer wall of the S4 cryostat relative to the nominal MJD design, and the subsequent increased surface area, raise the heat leakage into the detector from 2.3 W in the MJD to 3.1 W in S4. Figure 1 is a cross-sectional view of the MJD cryostat. It shows the MJD outer wall, the radiation shield between the detector modules and the external wall, and the detector strings.
The MJD cold plate is supported vertically by three cylindrical pins that tie into the cylindrical outer cryostat vessel. Calculation of the heat entering the system through the mechanical supports is described in Appendix B. For the S4 experiment, a scaling factor of 2.7 (based on a19/7 string ratio) can be used to obtain a new estimate based on the MJD architecture. For the calculations presented in Appendix B, the latest designs of the prototype cryostat of the MJD cold plate and support geometry are used. For the S4 experiment, twice the number of supports is assumed, to account for the increase in weight. These supports are made of PEEK (polyether ether ketone), a high-purity, low-conductivity plastic material. Figure 2 shows the detailed placement of these supports. The MJD will hold seven strings of detectors for a total of 35 detector channels inside the cryostat; for the S4 experiment, the number of detector channels increases to 95. This number can be used to obtain a scaling factor for the electronics heat load from the MJD to the S4 experiments. The final designs of the FEE for both experiments are yet to be chosen. The two main components in the FEE that contribute to the heat load are the resistor used in the circuitry closing the baseline-restoring feedback loop and the field effect transistor (FET). The FET must be close to the crystal but the feedback resistor can be placed inside or outside the cryostat. There are the two possibilities: the resistor can be placed inside the cryostat, theoretically optimizing noise performance, or outside the cryostat, thus routing the length of the feedback line to the exterior. In the first case, the power dissipated by the FEE circuitry is estimated to be 100 mW/ch [Miller 2010 ]. In the latter case, the power dissipated inside the detector is reduced to 40 mW/ch [Luke 2010 ]. The total heat generated by the FEE is 9.45 W when the resistor is inside the cryostat and 3.78 W when the resistor is outside the cryostat. Table 1 presents the heat load components for MJD and S4 (assuming the higher-heat-load preamp option); this table combines the calculated heat loads (radiation, conduction and FEE) and experimental data to estimate the heat load for the final systems. A total increase in heat load of 30% from the MJD experiment to the scaled-up S4 experiment is expected. The thermal path from each detector through the electrical connections to the exterior must be accounted for in the final expected heat load. At this time there is insufficient information to determine these heat loads to a high degree of accuracy. The intent is to sink the cable heat load into the service body and avoid affecting the thermosiphon design. However, this will affect the overall load that must be handled by the Dewar. The results presented in Table 1 do not account for the cable heat load because these are not part of the thermosiphon's heat load. For the analysis of the expected cable load, see Appendix C.
Thermosiphon Design Considerations

Thermosiphon Base Heat Load
The thermosiphon consists of an evaporator section, a vertical column to create head pressure, and a condenser section. In order to operate safely in case of unanticipated warm-up, it is prudent to have a large gas-storage volume so that the volume change from evaporation of the working liquid at operating temperature does not result in excessive pressure in the sealed system. An estimate of the heat leaked into the system through the external Dewar connection, radiation from the vacuum jacket walls from the exterior to the inner detector chamber, and the nitrogen expansion vessel was derived in the PNNL thermosiphon experimental setup [Fast et al. 2010] . Figure 3 shows the temperature drop across the joint between the thermosiphon and the cold head versus the power applied at the tip. The heat leaking into the system as indicated from this linear regression was estimated to be 9.4 W. Heater Power [Fast et al. 2010] 
Initial Nitrogen Load
The risks associated with the MJD thermosiphon apply to the scaled-up model. The two-phase system could induce microphonic vibration in the evaporator tube; these vibrations could be a significant source of noise. The amount of bubbling is proportional to the amount of liquid phase sitting in the evaporator tube. Minimizing the amount of nitrogen in the system would minimize the risk of microphonic induced noise. On the other hand, another risk to this system is that the heat load is too high, causing the liquid film to dry out, retreating back along the evaporator. The cold-plate interface is a poor conductor so the temperature increase along the dry section will be significant; therefore, the larger the quantity of liquid in the system, the smaller the risk that the tip of the evaporator tube will dry out. Figure 4 shows The temperature gradient across the evaporator tube can be estimated by comparing one of the top three lines in Figure 4 to the corresponding one of the bottom three lines in the graph.; from this curve the behavior of the two-phase system can be interpreted for the 15 pound-force per square inch gauge (psig) initialload case. The temperature gradient remains in a range of 5-7 K when the heat load is below 20 W. A load in excess of 20 W causes the temperature gradient in the evaporator tube to exceed 13K. This temperature gradient points to a liquid dry-out at the tip of the evaporator tube. Flows in the gas and liquid phases are both laminar (see Appendix D). Calculation of the volume of fluid resting in the evaporator tube is described in Appendix E. 
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Figure 4. Heat Load Versus Temperatures at the Ends of the Evaporator Tube
If the nitrogen load is not matched to the maximum heat load, an increase in temperature along the thermal path will occur when the maximum heat load is presented to the cooling system. Based on Figure 4 , since a stable operation in the 25 W heat load range is achieved with a nitrogen load of this is the recommended initial load for the S4 experiment in order to maintain constant temperature at 27.7 W of applied power.
Material Interface in the Detector Thermal Path
The thermal path from the liquid nitrogen bath in the Dewar (outside the shield) to the detector inside the cryostat crosses several interfaces. The condenser section of the Dewar and the cold-plate interface are two conductive interfaces that are in direct contact with the internal closed system. The Dewar interface can be made of low-resistivity, high-strength material such as aluminum 6061. The main contributor to the temperature gradient in each crystal thermal path is the cold-plate interface. Experiments for the characterization of the behavior of these thermal interfaces are being designed as part of the MJD development. The temperature rise through these joints will increase by the ratio of the S4 heat load to the MJD heat load (1.5 times). Since the temperature of the liquid-nitrogen (LN) bath is fixed, this implies a rise in the crystal temperatures. The expected temperature gradient across a material interface, given typical joint resistances of ½-1 K/W, will increase with the extra heat load presented by the S4 experiment. The extra 7 W of heat load in the S4 experiment means an extra 7 K or more in the ultimate detector temperature. This substantial increase can only be resolved by lowering the joint resistance or eliminating a thermal joint (e.g., the joint between the infrared (IR) shield and cold plate).
Closed System Volume Considerations
Our calculation of the volumes in the closed system uses two assumptions: (1) the evaporator volume has a diameter of 2.4 cm and a length of 90 cm, with a total internal volume of 407 cc; and (2) the fill volume is 10% liquid and 90% gas under normal operation. This results in a liquid volume of 41 cc. When the system is warm this liquid will evaporate, producing approximately 26 liters of nitrogen at standard temperature and pressure (STP). This suggests that the system should have a gas-storage volume of roughly 30 liters to accommodate the total gas load without excessive pressure.
Condenser Considerations
The condenser must be able to absorb both the evaporator heat load (20 W) and the cable heat load (32.3 W, see Appendix C) without producing excessive boiling that could generate microphonic noise in the detectors. The detector cables present a thermal path between detectors and the outside temperature. The heat load generated by the cables does not have to be handled by the thermosiphon; these cables are directly connected to the condenser, which does handle this heat load. The goal is to have a small enough heat density at the surface of the open LN bath so that convective heat transfer occurs in the fluid with bubbles forming in the fluid rather than nucleation occurring on the metal wall of the Dewar. This condition is valid for free convection assuming the temperature difference is less than 2 K. [Jin et al. 2009 ] provide data on heat-transfer coefficients for liquid nitrogen. These values are used to determine the surface area required for sufficient contact between the condenser and the open LN bath. Here we take a conservative number of 1.5 K for the difference in temperature and the material's heat transfer coefficient of 33 W/m 2 -K to calculate the area required to dissipate 59.5 W total heat load (cable loads + detector module). The result is the area of a disk of radius 58.0 cm (22.8") . This is roughly the diameter of the LN Dewars proposed for the MJD, so no significant design change will be necessary.
In the event that all of the nitrogen boils off in the external Dewar, the temperature of the condenser end would rise. This would affect the heat capacity of the condenser, and will result in a temperature increase along the entire detector thermal path. The two-phase system will become an all-gas system. This situation must be avoided by regularly servicing the external nitrogen Dewar. For a 30-liter capacity, assuming a heat of vaporization for nitrogen at 80 K of 5.57 kJ/mol [Span et al. 2000] , the Dewar will need to be refilled at least every 50 hrs.
Copper Growth Time
The growth rate for electroformed copper is expected to be 0.002-0.003" per day [Aalseth 2007] . Assuming that the thickness of the thermosiphon wall is about 0.16" (4 mm), the growth time would be 1.7 to 2.7 months.
Conclusions
A previous technical report provided the experimental results for the current design of the thermosiphon for the Majorana Demonstrator [Fast et al. 2010] . Based on this design, a theoretical study of the feasibility of scaling this system up has been performed as described in this document. The thermosiphon's calculated heat load is increased 20%, to a total heat load of 27.7 W per cryostat. The experimental setup [Fast et al. 2010] showed good performance in achieving a HPGe temperature and handling a heat load of up to 35 W for a 45 psig initial nitrogen load.. The thermal resistivity of the interfaces in the detector thermal path remains to be characterized. Minimal modifications will make the MJD thermosiphon suitable for the higher heat loads of the S4 cooling system. Depending on the results of the resistivity measurements, a modified contact for the cold-plate interface might be required to control the temperature drop across it.
Calculation of Conductive Heat Entering the System from the PEEK Supports
Calculating the heat conducted into the system via the PEEK supports is simple, assuming that any temperature dependence in the conductivity of the support material is negligible. The number of supports is derived from the latest MJD prototype cryostat cold-plate design; the total number of supports considered in this calculation is twice the number of supports for the MJD prototype cryostat. The temperatures of the warm end and the cold end are assumed constant at 300 K and 80 K respectively (i.e., no joint resistance); this is a very conservative assumption. Modifications to the material and geometry to reduce the mass of the supports are currently under consideration. Any future design will most likely entail less heat transfer, because use of less material will increase radiochemical purity.
Heat leaks through conductive paths can be calculated using Fourier's Law for heat conduction: The heat entering the system is calculated under the following assumptions:
• 
Appendix D Convective Heat Transfer Calculations for the Thermosiphon Experimental Setup
The motion of the fluids (liquid and gas) inside the thermosiphon will be analyzed in this section.
D.1 Mass flow
The mass flow (MF) of nitrogen can be determined from the power dissipation required on the thermosiphon and the heat of vaporization of nitrogen: 
D.2 Reynolds Number
The type of flow (laminar or turbulent) for different configurations of fluid in motion relative to a surface is indicated by the Reynolds number, Re: The Reynolds number for the gas phase in the thermosiphon evaporator tube is calculated under the following assumptions:
• The gas is at 80 K with a density of 4.61 kg/m 3 and dynamic viscosity of 5.27×10 -6 Pa-sec
• Gas occupies 90% of the area of the evaporator cross section and the wetted length includes both the tube wall and the liquid surface, resulting in a hydraulic diameter of 2.35 cm
• The fluid velocity of 0.06 m/s is based on transport of sufficient nitrogen (1.26×10 -4 kg/s) to remove 25 W of heat via vaporization
The result is Re gas = 1232. When the value of the Reynolds number is below 2300, the system is considered to have laminar flow. The transition to turbulent flow will occur at approximately 47 Watts of heat load for this tube size, nitrogen temperature, and nitrogen liquid level. As the liquid level in the tube D.2 increases, the flow velocity increases and the hydraulic diameter decreases. For example, when the thermosiphon tube is half filled with liquid, the Reynolds number will increase by 18.8% and the critical heat load when the gaseous flow transitions from laminar to turbulent flow drops to approximately 39 Watts, still well above the heat load expected for the Majorana Demonstrator.
The Reynolds number for the liquid flow is determined based on the following assumptions:
• The liquid is at 80 K with a density of 808 kg/m 3 and dynamic viscosity of 1.58×10 -4 Pa-sec
• 10% of the area of the evaporator cross section is occupied by the liquid and the wetted length is only the contact area with the tube wall, resulting in a hydraulic diameter of 0.98 cm
• The fluid velocity of 3.09×10 -3 m/s is based on transport of sufficient nitrogen (1.26×10 -4 kg/s) to remove 25 W of heat via heat of vaporization The result is Re liquid = 155. As expected, the liquid flow is laminar.
D.3 Prandtl Number
The Prandtl number is a dimensionless number approximating the ratio of momentum diffusivity (kinematic viscosity) and thermal diffusivity. It is defined as: The Prandtl number for the gas phase is determined based on the following assumptions:
• The gas is at 80 K and 14.5 psia with a thermal conductivity of 8.0×10 -3 W/kg-m, a dynamic viscosity of 5.6×10 -6 Pa-sec and a specific heat of 2.1×10 -3 J/kg K [Span et al. 2000] The result is Pr gas = 1.47×10 -6
. For nitrogen gas at 80 K, heat conduction is very effective compared to convection: thermal diffusivity is dominant.
